Over the past decade, metabolomics has developed into a major tool for studying the metabolism of organisms and cells, and through this approach much has been learned about metabolic networks and the reactions of organisms to various external conditions (Lay et al., 2006) . Most of this work involves a number of chemometric methods to identify markers in the metabolomic data for various events. But in fact, little work has been done on understanding the meaning of the metabolomic data itself and the role of the total of the compounds observed. Is there any logic in the studying the combination of compounds itself, instead of looking at the correlations between the compounds observed and any disease or applied experimental conditions? NMR-based metabolomics in particular give a clear view of the major compounds present in an organism or cell and enable the direct quantitative comparison of all major compounds. Considering all the information we have collected in recent years using our protocol for NMR-based metabolomics (Kim et al., 2010) , we asked ourselves why a few very simple molecules are always present in considerable amounts in all microbial, mammalian, and plant cells. It seems that these compounds must serve some basic function in living cells and organisms. These compounds include sugars, some amino acids, choline, and some organic acids such as malic acid, citric acid, lactic acid, and succinic acid. With the exception of sugars, which may serve as storage products and a source of energy, the other compounds are present in such large amounts that it does not make sense to consider them as only intermediates in metabolic pathways.
Here, we develop a novel theory about the role of these compounds, which may explain many questions in the biochemistry of cells and organisms. The theory is based on analogy with green chemistry, where in past years various synthetic ionic liquids (ILs) have been developed for chemical and enzymatic reactions as well as for the extraction of natural products.
The field of ILs began in 1914, when Paul Walden (Plechkova and Seddon, 2008) reported on the physical properties of ethylammonium nitrate. But it is only in recent years that ILs and deep eutectic solvents (DES) have been revisited by chemical engineering, because such solvents can replace conventional organic solvents. Mixing salts and/or organic compounds may cause a considerable reduction of the melting point, turning them into liquids even at very low temperatures. Using the liquids made from synthetic chemicals, ILs and DES now have many different applications such as dissolving polymers and metals and as media for biotransformation (Welton, 1999; Wasserscheid and Keim, 2000; Abbott et al., 2004; Gorke et al., 2008) . In fact, many of the synthetic ILs contain choline and in some cases also natural organic acids.
In analogy with the synthetic ILs, we hypothesized that the metabolites that occur in large amounts in cells may form a third type of liquid, one separate from water and lipids. Taking the plant metabolomics data we have collected over recent years into consideration, we saw a clear parallel with the synthetic ILs. The above-mentioned major cellular constituents seemed perfect candidates for making ILs and DES. As the first step, we made various combinations of these candidates, thereby discovering more than 30 combinations that form viscous liquids (Table I) . Here, we will use "natural deep eutectic solvents" (NADES) as a common term for these mixtures. The preparation of NADES and NMR measurements are described in Supplemental Materials and Methods S1.
In a 1 H-1 H-nuclear Overhauser enhancement spectroscopy spectrum of the Suc and malic acid mixture, some of the protons showed intermolecular interaction, implying that the molecules of these compounds in the liquid are aggregated into larger structures, as in liquid crystals (Fig. 1) . In some mixtures, such as different sugars with choline chloride, water can be present as part of the solvent (1:1:1 molar ratio, corresponding to approximately 6% water; Table I ). This water is strongly retained in the liquid and cannot be evaporated.
Having shown that the combination of ubiquitous natural compounds present at high concentrations in all living cells forms liquids, the next step is to ask what the role of the NADES could be. To date, cells have been considered to contain two immiscible liquid phases (i.e. water and lipids [membranes]). However, cells do contain numerous compounds of intermediate polarity in high concentrations that neither dissolve in the lipid nor the water phase. This raises the question of how these compounds are biosynthesized and stored. For example, the flowers of Sophora species contain between 10% and 30% dry mass of the sparsely water-soluble flavonoid rutin (Paniwnyk et al., 2001) . In biosynthesis, it is generally thought that the enzymemediated reactions in cells occur in water. However, this raises questions of how these reactions function with substrates and products that are poorly soluble in water. In addition, the biosynthesis of water-insoluble polymers such as cellulose, amylose, and lignins probably needs a stage of the macromolecule being dissolved to enable the further addition of building blocks.
To assess the possibility of NADES being the third liquid phase in organisms in which certain biosynthetic steps or storage of products may occur, the solubility of some common natural products in NADES was measured. For example, we found that the solubility of the flavonoid rutin in various NADES was 50 to 100 times higher than in water (Fig. 2) . Moreover, the completely water-insoluble paclitaxel and ginkgolide B showed high solubility: 0.81 and 5.85 mg mL 21 , respectively, in Glc-choline chloride. Considering macromolecules, DNA (from male salmon), albumin, and amylase did show good solubility in some of the NADES tested. The solubility of the salmon DNA was shown to be 39.4 mg mL 21 in malic acid:Pro (1:1) compared with 26.9 mg mL 21 in water. The albumin solubility was 30.6 mg mL 21 in Fru:Glc:Suc (1:1:1) and 235.0 mg mL 21 in water. Even the non-water-soluble polysaccharide, starch, showed a solubility of 17.2 mg mL 21 in Glc:choline chloride (1:1). In green chemistry using synthetic ILs and DES, it has already been shown that enzymes are quite stable and capable of catalyzing various chemical reactions (Gorke et al., 2008) . We found that laccase completely dissolved in a NADES but was inactive. However, after adding water, the enzyme became active (Fig. 3) . This interesting observation obviously links the NADES to phenomena such as cryoprotection, drought resistance, and germination. In fact, the major cryoprotectants used in cryopreservation are all compounds we found to be able to form NADES (Mustafa et al., 2011) . It has been reported that in wheat (Triticum aestivum), freezing tolerance correlates with a high Pro level (Kovács et al., 2011) . This confirms our results in which Pro was seen to be a good candidate to form liquids with organic acids or sugars.
One of the most interesting mysteries in nature is how plants can survive dehydration (anhydrobiosis). There are two types of tolerance to dehydration, drought and desiccation tolerance (Hoekstra et al., 2001 ). Desiccation tolerance is for more severe conditions in which water content is lower than 0.3 g water g 21 dry weight and widespread in ferns, mosses, pollen, and seeds (Oliver and Bewley, 1996; Hoekstra et al., 2001) . We may hypothesize that in extreme drought conditions, plants should have a replacement of water to maintain their life. Interestingly, the drought tolerance was found to correlate with the induction of sugars, including disaccharides and oligosaccharides, and some amino acids like Pro, Glu, and Gly-betaine (Hoekstra et al., 2001) ; the exact roles of the induced compounds are not clear yet, but glass formation by the sugars (amorphous solid of high viscosity, with highly restricted mobility of the components) is thought to be a key factor. However, several authors mention that the sugars alone are not sufficient for protecting the cells in anhydrobiosis (Tunnacliffe and Lapinski, 2003; Buitink and Leprince, 2004; Vicre et al., 2004; Pandey et al., 2010) . Many of the induced compounds are proved to act as NADES in our research. NMR-based metabolomics of dry resurrection plants that are capable of becoming photosynthetically active in a very short time after water is added to the plant show the presence of all the ingredients necessary for a NADES. "Glass formation," which is generally thought to be due to the action of sugars under drought conditions (Buitink and Leprince, 2004) , could in fact be the formation of a NADES consisting of sugar(s), choline, Pro, and organic acids, which are observed in the metabolome on NMR measurement. In fact, there might be various different NADES in individual cellular compartments, adapted to the kind of compounds and proteins that should need to be conserved when dissolved in the NADES. Similarly, when we analyzed the metabolome of the tissue (aleurone) of barley (Hordeum vulgare) seeds from where germination starts (Schuurink et al., 1992) , the major ingredients like Suc and choline did form NADES, with a molar ratio of 1:1. Under drought conditions at high or low temperature, living cells may survive by forming NADES in which the membranes, enzymes, and metabolites remain stable and in which the last water is strongly retained and freezing is prohibited by the very low melting point of the deep eutectic mixture.
All this strong circumstantial evidence that NADES have an important role to play in cellular metabolism then raises the question of whether they really occur in nature. Accordingly, we went on to investigate the composition of some plant saps. Maple (Acer spp.) syrup is composed mostly of Suc and minor amounts of other sugars, including Glc and malic acid. The individual components are solid at room temperature (melting point above 130°C). However, all combinations of these compounds remained liquid even after all residual water had evaporated (less than 1% [w/w] water; Fig. 4) . Particularly, the most stable composition was found to be 1:1, for the molar ratio between Glc and malic acid. Measuring the metabolome of Cleome hasselorana nectar, which remains liquid even after freeze drying, showed that it is made up mostly of sugars (Fig. 5) . Tunnacliffe and Lapinski (2003) reported that the metabolic profiles (gas chromatography, NMR) of dehydrated rotifers were similar to those in the hydrated stage, whereas Pandey et al. (2010) , in the resurrection plant Selaginella bryopteris, observed an increase of Pro, reaching a similar molar concentration as Suc that showed a slight decrease in concentration. Apparently, all the ingredients for making natural NADES can be found in cells, but where are these ingredients located? Studies on the localization of anthocyanins in cells (Andersen and Jordheim, 2006) provide some interesting clues. Anthocyanoplasts and anthocyanic vacuolar inclusions might very well consist of NADES, as the level of anthocyanins has been found to be higher than the solubility in water would allow (Markham et al., 2000) . As the biosynthesis of anthocyanins is thought to occur on the outside of the endoplasmic reticulum (ER; Hrazdina and Jensen, 1992) , this would fit a model in which we envisage finding different types of NADES not only in different organelles such as plastids and vesicles but also attached to protein aggregates or cellular membranes. In fact, the ER might be a NADES with dissolved enzymes in which the usually medium polar substrates are preferentially dissolved; thus, the ER extracts these from the aqueous phase of the cytoplasm. This would fit with the dynamic model of a metabolon (Møller, 2010) and may explain the close interaction between enzymes without the need to be really attached to each other. It may also explain the easy transfer of substrates and products between the enzymes. In membranes, the positively charged choline function of membrane lipids could bind bicarboxylic acids or amino acids, which by associating with sugars and more acids and bases could form a dynamic sheet of NADES inside or around the vacuolar membrane or inside or around other cellular compartments and membranes. This concept is supported by the observations of Crow (2002) that to preserve liposomes under dehydration conditions and to allow rehydration, sugars are required on both sides of the lipid bilayer membrane. To further protect the membranes and the contents of the various cellular compartments, antioxidants like ascorbate, glutathione, flavonoids, and anthocyanins could concentrate at high levels in such a sheet of NADES and protect against oxidation and light damage. This view is supported by the study of Georgieva et al. (2010) . They reported that in the resurrection plant Haberlea rhodopensis in the thylakoid lumen, a dense lumenal substance of unknown chemical composition is formed during dehydration. This substance is thought to protect the thylakoid membrane. From previous studies, the dense lumenal substance was thought to have a phenolic character (Van Steveninck and Van Steveninck, 1980) , which in fact might be a NADES with a dissolved phenolic compound. The occurrence of NADES in the cell may explain the occurrence of compounds like flavonoids and anthocyanins in cells at much higher levels than what is soluble in water.
The existence of the NADES as alternative solvents in organisms should be further investigated, particularly considering the cellular localization but also other combinations of compounds such as in synthetic ILs. Long before the advent of green chemistry using ILs, nature may have engineered all kinds of complex combinations of compounds into NADES to serve as solvents in various biochemical reactions and physiological functions. This includes combinations that might be considered as self-organizing liquid crystals.
Taken together, our findings strongly suggest that water and lipids are indeed not the only solvents present in living organisms. Apart from implying a paradigmatic change in cellular biochemistry and physiological mechanisms, NADES have an enormous potential for applications, as they are nontoxic, sustainable, and environmentally friendly. They are thus very interesting alternatives to the currently used toxic synthetic ILs.
Potential uses could be as truly green solvents for extractions (e.g. food flavors, fragrances and dyes, medicines, cosmetics, agrochemicals), synthetic organic chemistry, and enzymatic reactions. NADES could act as solvents encapsulated in liposomes for non-water-soluble drugs (e.g. paclitaxel) or for compounds that are unstable in an aqueous medium and as a medium for chemical and biochemical reactions.
We have discovered a completely novel set of ILs and DES: the NADES. These NADES may play a role in all kinds of cellular processes, explaining mechanisms and phenomena that are otherwise difficult to understand, such as the biosynthesis of non-watersoluble small molecules and macromolecules. Green chemistry based on NADES probably evolved very early in the history of living organisms and may reflect a fundamental component of the chemistry of life on earth, even allowing living cells to survive extreme environmental conditions such as drought, salt stress, and high and low temperatures.
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